The development of antibody-drug conjugates (ADC), a promising class of anticancer agents, has traditionally relied on the use of antibodies capable of selective internalization in tumor cells. We have recently shown that also noninternalizing antibodies, coupled to cytotoxic drugs by means of disulfide linkers that can be cleaved in the tumor extracellular environment, can display a potent therapeutic activity. Here, we have compared the tumor-targeting properties, drug release rates, and therapeutic performance of two ADCs, based on the maytansinoid DM1 thiol drug and on the F8 antibody, directed against the alternatively spliced Extra Domain A (EDA) domain of fibronectin.
Introduction
Conventional cytotoxic agents used for the pharmacotherapy of cancer do not selectively localize at the tumor site, a limitation that contributes to undesired side effects and toxicity to normal organs (1) (2) (3) (4) . There has been a growing interest in the use of monoclonal antibodies as vehicles for the pharmacodelivery of potent cytotoxic drugs to neoplastic lesions (5) (6) (7) (8) with the aim to generate targeted biopharmaceutical agents with improved activity and selectivity. Two antibody-drug conjugates (ADC) are currently approved for clinical applications. Adcetris is composed of the chimeric anti-CD30 antibody cAC10, conjugated to monomethyl auristatin E, through a protease-labile valine-citrullinecontaining linker. The product was approved for Hodgkin lymphoma and for systemic anaplastic large cell lymphoma (ALCL) on the basis of objective response rates of a phase II trial (9) . Kadcyla consists of the anti-Her2 antibody trastuzumab linked at lysine residues with the maytansinoid derivative DM1, using a noncleavable maleimide-based linker. It has been approved for the treatment of HER2-positive metastatic breast cancer that had previously been treated with Herceptin (trastuzumab) and a taxane (10) . In addition, more than 40 products are currently being tested in clinical trials (11) .
While it has been claimed that "targeting an ADC to a noninternalizing target antigen with the expectation that extracellularly released drug will diffuse into the target cell is not a recipe for a successful ADC" (12) , several lines of evidence indicate that efficacious ADC products can be produced against targets that do not internalize into tumor cells, provided that suitable linker-payload combinations are used. For example, in a systematic study aimed at identifying the optimal targets and linker-drug combinations for the treatment of non-Hodgkin lymphoma, it was found that ADCs with cleavable or hydrolysable linkers (e.g., disulfides, hydrazones) were efficacious even with antibodies specific to targets that were poorly internalized (e.g., CD20, CD21, and CD72). These results suggested that the drug could be released extracellularly, thus permeating the tumor cells after the ADC product had localized on its target (13) . These initial findings were strengthened by the observation that ADCs based on disulfide linkers and directed against the alternatively spliced EDA domain of fibronectin, a component of the tumor subendothelial extracellular matrix, can mediate a potent anticancer activity in the mouse. It has been postulated that disulfide-based ADC products may release their payload upon tumor cell death, in a process that can be amplified by the diffusion of the cleaved cytotoxic drug into neighboring cells and by the subsequent release of reducing agents (e.g., cysteine, glutathione; refs. 14-17).
In previous therapy experiments, the F8 antibody, specific to the EDA domain of fibronectin (17, 18) , was used in small immune protein (SIP) format, consisting of an scFv fragment fused to the eCH4 domain of human IgE. The SIP format contains unpaired C-terminal cysteine residues, which can be reduced and selectively modified without loss of protein stability and antibody activity, yielding site-specific conjugates (15) . Conjugation at hinge cysteines typically results in heterogeneous mixtures of products, unless all moieties are modified to achieve a drug-toantibody ratio of 8 (19, 20) . However, the mutation of heavy chain hinge cysteine residues into serines has previously been used for the preparation of chemically defined thioether-based ADCs, with drugs attached at the C-terminal cysteine residue of the light chain (21) .
In this work, we have compared two chemically defined ADC preparations of the F8 antibody, using the potent maytansinoid DM1-SH thiol drug as disulfide-linked payload (Fig. 1A) . The antibody was used in SIP format and in a mutant IgG format, allowing a site-specific drug coupling at the C-terminal cysteine residue of the light chain. Both SIP(F8)-SS-DM1 and IgG(F8)-SS-DM1 were characterized by quantitative biodistribution analysis and in therapy experiments performed in F9 tumor-bearing mice. Surprisingly, SIP(F8)-SS-DM1 exhibited a more potent anticancer activity, compared with the IgG counterpart, in spite of a lower accumulation at the tumor site at late time points (i.e., 24 hours and beyond). The potent therapeutic activity of SIP(F8)-SS-DM1 can be related to the tumor uptake at early time points (e.g., 3 hours after injection), which was as efficient as the one observed for the IgG format, and to the fact that the SIP-based ADC releases the cytotoxic drug more rapidly (>20-fold) than the corresponding IgG product.
Materials and Methods
Cell culture: cell lines, incubation, and manipulation conditions Transfected CHO-S cells (Invitrogen) were cultured in suspension in PowerCHO-2CD medium (Lonza), supplemented with Ultraglutamine-1 (Lonza), HT-supplement (Gibco), and Antibiotic-Antimycotic (Gibco). F9 murine teratocarcinoma cells (ATCC; CRL-1720) were grown in 0.1% gelatin-coated tissue flasks in DMEM (Gibco) supplemented with 10% FBS (Gibco) and incubated at 37 C in 5% CO 2 atmosphere. The authors did not perform authentication on this cell line.
Animals and tumor models
Ten-to 12-week-old female Sv129Ev mice were obtained from Charles River Laboratories (Germany). F9 teratocarcinoma cells (3.0 Â 10 7 ) were implanted subcutaneously in the shaved flank. Animals were sacrificed when tumor volumes reached a maximum of 2,000 mm 3 or weight loss exceeded 15%. Experiments were performed under a project license issued by the Veterin€ aramt des Kantons Z€ urich, Switzerland (Bew. Nr. 42/2012).
Cloning, expression, and protein characterization
The gene structure for SIP(F8), its cloning, expression, and characterization have previously been described (18) . The F8 antibody in IgG format was cloned and expressed in CHO-S cells (Invitrogen) using a previously described strategy (22), except for the cysteine residues of the heavy chain in positions 220, 226, and 229, which were mutated into serine residues. The full aminoacid sequences for SIP(F8) and IgG(F8) can be found in Supplementary Fig. S1 .
Antibody-DM1 conjugates preparation
The conjugation of thiol-containing drugs to C-terminal cysteine residues of recombinant antibodies has previously been described (15, 17, 23) . Briefly, the antibody in SIP or IgG format was reduced with 30 equivalents of tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl, ACBR) in PBS, pH ¼ 7.4, then reacted with 2500 equivalents (calculated on the basis of antibody monomers, each containing a single cysteine residue) of Ellman's reagent (DTNB; Sigma Aldrich). The antibody-Ellman's reagent conjugates were purified over an HiPrep 26/10 desalting column (GE Healthcare) running in PBS, pH 7.4, containing 5% sucrose (Weight/Volume; AppliChem) and 10% N,N-dimethylacetamide (DMA; Acros Organics). Ten equivalents of free thiol DM1 drug (Concortis Biosystems) per antibody monomer were dissolved in a small amount of DMA (typically less than 3% of the antibody solution volume) immediately prior to addition to the solution containing the purified antibody-Ellman's reagent conjugate. The reaction was stopped after 5 minutes or 15 minutes for the antibodies in SIP or IgG format, respectively, by the addition of 500 equivalents (per antibody monomer) of a stock solution of iodoacetamide (Sigma Aldrich), dissolved in water at a concentration of 0.1 mmol/L. The resulting ADC products were purified by FPLC over a HiPrep 26/10 desalting column (GE Healthcare) running in the PBS/sucrose/DMA buffer. The ADCs were then formulated at the desired concentration by centrifugation using Vivaspin devices (GE Healthcare), snap-frozen in liquid nitrogen, and stored at À80 C until further use.
Characterization of ADC products
All ADC products were analyzed by SDS-PAGE (Invitrogen), size exclusion chromatography (Superdex200 10/300GL; GE Healthcare), and protein mass spectrometry. Liquid chromatography-mass spectrometry (LC-MS) was performed on a Micromass Quattro API instrument (ESI-TOF-MS) coupled to a Waters Alliance 2795 HPLC using a MassPREP On-Line Desalting Cartridge 2.1 Â 10 mm. Water:acetonitrile, 95:5 (solvent A) and acetonitrile (solvent B), with solvent A containing 0.1% formic acid, were used as the mobile phase at a flow rate of 0.3 mL/min. The gradient was programmed as follows: 95% A (0.5 minute isocratic) to 80% B after 1.5 minutes then isocratic for 1 minute followed by 4 minutes to 95% A and finally isocratic for 6 minutes. The electrospray source of LCT was operated with a capillary voltage of 3.0 kV and a cone voltage of 20 V. Nitrogen was used as the nebulizer and desolvation gas at a total flow of 600 L/h. The binding properties of SIP(F8)-SS-DM1 and IgG(F8)-SS-DM1 were analyzed by surface plasmon resonance (BIAcore 3000 System; GE Healthcare) on an EDA-coated CM5 sensor chip (BIAcore) as previously described (15) .
Biodistribution studies
The tumor-targeting properties of ADC products were assessed by quantitative biodistribution analysis as previously described (24) . Both SIP(F8)-SS-DM1 and IgG(F8)-DM1 were radioiodinated with 125 I (PerkinElmer) and chloramine T (Sigma) and purified on a PD-10 column (GE Healthcare). Immunoreactivity of the labeled proteins was confirmed by affinity chromatography, using the recombinant 11-EDA-12 fragment of fibronectin coupled to CNBr-activated Sepharose (GE Healthcare) as previously described (24) . Immunocompetent 129SvEv mice, bearing subcutaneously grafted F9 tumors, were injected into the lateral tail vein at a dose of 5 mg/kg (i.e., 125 mg of ADC per mouse). Groups of mice were sacrificed at different time points (3, 24, and 48 hours) after injection. Organs were excised, weighed, and radioactivity was measured using a Packard Cobra gamma counter. Biodistribution results were expressed as the percentage of injected activity per gram of tissue (%IA/g AE SEM).
Immunofluorescence studies
Immunocompetent 129SvEv mice bearing subcutaneously grafted F9 tumors were injected with a single dose of 5 mg/kg of either SIP(F8)-SS-DM1 or IgG(F8)-SS-DM1 (dose in analogy to the therapy) and sacrificed 24 hours after the injection. Tumors were excised, embedded in OCT medium (Thermo Scientific), and cryostat sections (10 mm) were cut. Slides were stained using the following antibodies: rabbit anti-human IgE (Dako Cytomation), to detect the antibodies in SIP format, rabbit anti-human Fc (Dako Cytomation), to detect the antibodies in IgG format, and rat anti-mouse CD31 (BD Biosciences) to detect endothelial cells. Anti-rabbit IgG-AlexaFluor488 (Molecular Probes by Life Technologies) and anti-rat IgG-AlexaFluor594 (Molecular Probes by Life Technologies) were then used as secondary antibodies for microscopic detection of this ex vivo immunostaining.
Therapy studies
When tumors reached an average volume of 100 mm 3 (typically 4 to 6 days after subcutaneous tumor implantation), mice were randomly grouped (n ¼ 5) and injected i.v. into the lateral tail vein.
In the therapy study with equal milligram doses, mice were injected for 5 consecutive days with the ADCs, both in IgG and in SIP format, or with vehicle (PBS/sucrose/DMA buffer). The daily dose was 5 mg/kg for both ADCs. In the therapy study with equimolar doses, the daily dose was 5 mg/kg for SIP(F8)-SS-DM1 and 9.3 mg/kg for IgG(F8)-SS-DM1 (Fig. 3) . The molecular weights of the two products [drug to antibody ratio (DAR) ¼ 2] are 78,928 Da and 145,972 Da, respectively, corresponding to a 1:1.85 ratio.
Linker stability assay
ADCs were incubated at a concentration of 150 mg/mL in mouse serum (Invitrogen) at 37 C in a shaking incubator. At various time points, aliquots were purified by affinity chromatography onto an antigen-coated resin, based on 11-EDA-12 coupled to CNBr-activated Sepharose (GE Healthcare), washed with PBS and then eluted with 0.1 mol/L glycine solution (pH ¼ 3), prior to analysis by SDS-PAGE and MS. In the case of SIP(F8)-SS-DM1, the relative concentration of ADC was assessed by ESI-MS using SIP(F8) coupled to iodoacetamide as internal standard. For IgG(F8)-SS-DM1, the relative ratios of MS peak intensity for the unmodified and the drug-modified light chain were used for the quantification of drug release rates (Fig. 4) .
Results

ADC preparation and characterization
The F8 antibody in SIP and IgG format was coupled to the DM1-SH drug in a site-specific manner, using a recently published procedure ( Fig. 1A; refs. 15, 17, 23 ). While the SIP format contains a single accessible C-terminal disulfide bond for chemical modification, the IgG contains a number of accessible disulfides that can yield a heterogeneous mixture of products. To generate chemically defined IgG-based ADCs, all the hinge region cysteine residues of the IgG heavy chain had to be mutated into serines to allow the selective coupling at the C-terminal cysteine residue of each light chain (Fig. 1A) . Both SIP(F8)-SS-DM1 and IgG(F8)-SS-DM1 had a drug-antibody ratio of 2 with excellent purity, as documented by SDS-PAGE, gel filtration, and mass spectrometric analysis (Fig. 1B) .
Tumor-targeting studies
The tumor-targeting properties of SIP(F8)-SS-DM1 and IgG (F8)-SS-DM1 were assessed by quantitative biodistribution analysis using radioiodinated protein preparations. Immunocompetent mice bearing murine F9 teratocarcinomas (25) were injected with 125 mg of radioiodinated ADC products, which allowed the measurement of the percent injected activity per gram (%IA/g) in tumor, normal organs, and blood at various time points (3, 24, and 48 hours) after the intravenous administration, in line with previous observations reported for unmodified antibody preparations (26, 27) . Figure 2A shows that the IgG-based product displayed a higher absolute uptake in the tumor at later time points compared with its SIP counterpart. However, the tumor: organ ratios for SIP(F8)-SS-DM1 were higher than the ones of the IgG product, and the %IA/g values in the tumor were similar at early time points (8% and 12% at 3 hours, respectively; see also Supplementary Table S1 ).
An ex vivo microscopic analysis of the ADC uptake in the neoplastic lesions confirmed that both SIP(F8)-SS-DM1 and IgG(F8)-SS-DM1 preferentially localize in the subendothelial extracellular matrix, surrounding tumor blood vessels (Fig. 2B) .
Therapy studies
In order to compare the therapeutic performance of SIP(F8)-SS-DM1 and IgG(F8)-SS-DM1, which have a molecular weight of approximately 80 kDa and 150 kDa, two studies were performed in F9 tumor-bearing mice: one at equal milligram doses of ADC products and one in which equimolar quantities were administered. The superior therapeutic activity of SIP(F8)-SS-DM1 compared with SIP-based ADCs of irrelevant specificity in the mouse has previously been documented (17) . Figure 3A presents a plot of the tumor volume versus time for groups of mice (n ¼ 5) treated with saline, SIP(F8)-SS-DM1, or IgG(F8)-SS-DM1 (5 injections at a dose of 5 mg/kg body weight). In this study, the SIP-based ADC product revealed a more potent therapeutic activity (P < 0.0001 on day 15), with 4 of 5 mice cured at the end of the experiment.
The body weight of mice was monitored daily. Tumor volumes were measured with a digital caliper (volume ¼ length Â width 2 Â 0.5). Results were expressed as tumor volume in mm 3 AE SEM. Animals were sacrificed when tumor reached a maximum of 2,000 mm 3 or weight loss exceeded 15%. When comparing products on an equimolar basis (Fig. 3B) , SIP (F8)-SS-DM1 continued to exhibit a superior therapeutic activity (P < 0.0001 on day 24), with 3 of 5 mice cured by the SIP product in this experiment.
Stability of the conjugates
In order to investigate the molecular basis for the superior therapeutic activity of SIP(F8)-SS-DM1 compared with its IgG-based counterpart, in spite of the lower uptake values in the tumor ( Fig. 2A) , we studied the rates of drug release in mouse serum using an MS-based method. The fusion proteins were purified at various time points on an antigen column, followed by MS analysis (Supplementary Figs. S2 and S3) . A plot of the percentage of intact ADC conjugate as a function of time reveals that 50% of SIP(F8)-SS-DM1 is cleaved within approximately 3 hours of plasma incubation at 37 C, whereas the half-life of the IgG-based ADC product was >48 hours (Fig. 4) . The faster drug release kinetics of SIP(F8)-SS-DM1 may be due to the close spatial proximity of the C-terminal cysteine residues, which, unlike the cysteines in the light chain of IgG-based ADC, can form a disulfide bond upon drug elimination (Fig. 1A and Supplementary Fig. S4 ). These findings are in keeping with a growing body of data, indicating that site of drug conjugation on the antibody molecule may have substantial impact on therapeutic efficacy and linker stability (28-31).
Discussion
We have performed a comparative evaluation of the tumortargeting properties, release kinetics and anti-cancer performance of two closely related ADCs, based on the F8 antibody in SIP and IgG format. The use of a site-specific drug conjugation method for both formats allowed the preparation of homogenous products and facilitated the analysis of drug release kinetics.
In our study, the ADC product based on the SIP format performed better in therapy experiments than its IgG counterpart, even though the full immunoglobulin exhibited higher tumor uptake values at later time points (i.e., 24 hours after intravenous injection and beyond). Most ADCs in the clinic and in product development are based on the IgG format. While full immunoglobulins have consistently shown better tumor uptake profiles in comparative biodistribution studies (26, 27) , suboptimal tumor: organ and tumor:blood ratios, as well as FcRn-mediated continuous recycling processes which deliver ADC products to the endothelium and to the liver, could represent arguments for the experimental investigation of alternative antibody formats. Indeed, Kim and colleagues had previously reported that an anti-CD30 drug conjugate, based on an antibody in diabody format coupled to the anti-tubulin drug monomethyl auristatin F by a protease-cleavable dipeptide linker, displayed a potent antitumor activity (32) . The dramatic difference in drug release kinetics between SIP and IgG format was unexpected. We had previously reported small differences in the stability of SIP-based ADCs, featuring disulfide-based linkers of different sizes for the F8 antibody in SIP format (33) . The faster cleavage of SIP(F8)-SS-DM1 in plasma (compared with its IgG counterpart) is possibly due to the favorable rearrangement of disulfide structures, leading to a stable interchain disulfide bond (Supplementary Fig. S4 ). This drug release observation is reminiscent of the superior reducing power of 1,4-dithiothreitol (DTT) compared with beta-mercaptoethanol, which is a consequence of DTT's ability to form an intramolecular disulfide bond (34) . In the future, it would be attractive to perform quantitative biodistribution studies to assess the stability of the conjugate in blood and other organs, for example by using a newly described dual-radiolabeling strategy, in which drug and mAb moieties incorporate a different radionuclide (35) .
The experimental observation that drug release kinetics crucially contributes to therapeutic performance of noninternalizing ADCs suggests that a rapid exposure of cells to high drug concentrations may be more efficacious than a slow release process. This situation is reminiscent of targeted radionuclides for tumor therapy, for which a higher "dose rate" (i.e., the quantity of radiation absorbed per unit of time) results in an increased cytotoxic activity, compared with a radioactive decay (at equal cumulative radiation dose) that takes place over a prolonged period of time (36) .
In this work and previous studies, we have focused on tubulin binders and on disulfide bonds as linker-payloads (17, 23, 33) . In principle, other linker-payload combinations could be considered. For example, emerging evidence suggests that some proteases (e.g., Cathepsin B), which were originally believed to mediate drug release processes for internalizing ADC products, are also present in the extracellular tumoral environment (37) (38) (39) and could potentially be exploited for the release of drugs from noninternalizing ADCs. While many authors consider internalization an absolute requirement for ADC development, increasing experimental evidence gained with ADCs (13, 17, 40) , with small molecule-drug conjugates (41) , and with polymer-drug conjugates (42) suggests that drugs can be efficiently released in the extracellular tumor environment.
Although it is conceivable that SIP(F8)-SS-DM1 may represent a starting point for the development of more efficacious ADC products, the promising anticancer activity reported in this study and in previous articles (17) may warrant clinical investigations in its own right. The target antigen (i.e., the alternatively spliced EDA domain of fibronectin) is highly conserved across species, facilitating the translation from preclinical studies to clinical studies. Furthermore, ADC therapeutic activity can be potentiated by the action of targeted proinflammatory cytokines (43, 44) , with the potential to direct immune recognition at sites of cytotoxic damage. In addition, the vasoactive properties of certain cytokines (principally IL2 and TNF) may be instrumental for the uptake of other therapeutic agents at the tumor site by lowering the interstitial fluid pressure in the tumor environment.
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